Space charges accumulate easily at insulation interface of cable accessories, which cause different electric field distribution and aging characteristics compared to single-layered cable. To explore the space charge behavior in double-layered insulation of cable accessories, a one-dimensional (1D) axisymmetric model for bipolar charge transport is built in this work, in which the effects of temperature gradient and electric field gradient in the radial direction are considered. Then the influences of electric field/temperature gradient and interface position on transport behavior of space charges are investigated. The simulation results suggest that the charges accumulate easily at the interface, which severely reduce the electric field in the inner layer of insulation and further inhibit the injection and migration processes of charges. The charge density at the interface increases with temperature and voltage, which accelerates the decay of the charge injection, furthers the interface charges to reach the dynamic equilibrium state quickly. The charge density at the interface and the electric field distribution are closely related to the interface position, and the electric field is more uniform when XLPE occupies the 1/3 to 1/2 inner part of the whole insulation.
I. INTRODUCTION
High voltage direct current (HVDC) cables are widely used in key fields such as long-distance transmission, submarine cables and power links in isolated areas [1] , [2] . However, physical or chemical defects are probably generated in the production and operation of DC cables, which lead to the accumulation of space charges in the insulating medium. Charge accumulation causes distortion of electric field, which further accelerates insulation aging and even breakdown [3] . Space charges are prone to accumulate at interfaces between double-layered dielectrics of HVDC cable terminations and joints, i.e., between the rubbery field control layer (EPDM) and the main polyethylene insulation (XLPE) [4] , [5] . Since EPDM and XLPE present different electrical properties, the interface plays an important role in space charge dynamics, which causes different electric field distribution and aging characteristics compared to single-layer cable [6] , [7] .
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The Pulsed Electro Acoustic (PEA) measurement technique is generally employed to investigate the charge accumulation characteristics at the interface of composite insulation [8] - [10] . The results indicate that the polarity and distribution of space charges at the interface are dependent on the nature and polarity of the electrodes [8] . W.X. Sima et al explored the influence of thermal aging on interface charges, and they found that the interface acts as charge traps and the space charges at interfaces are changed by thermal aging [9] , [10] . B.X. Du et al. found that the approximate direct fluorination can effectively suppress the interface charge accumulation of cable accessories, which is mainly attributed to surface state improvement [11] . Despite some works have been performed, almost no experimental researches have been focused on the space charge behavior in double-layered cable accessory, and the influence of interface is not fully understood yet.
As an effective supplementary method to experiments, numerical simulations are also adopted to characterize the space charge characteristics. Early researches were generally based on the Maxwell-Wagner-Sillar (MWS) theory, in which macroscopic parameters such as electrical conductivity were adopted [12] , [13] . S. Delpino et al. investigated the charge distribution in XLPE/EPR double-layered insulation, and the results show that when the electric field is lower than the threshold electric field of charge injection, the interface charge density is mainly determined by the permittivity and conductivity [14] . However, the macro conductivity model of charge transfer cannot accurately reflect the transport mechanism of various carriers. When the DC voltage is not large enough, the charge formation is mainly dominated by the Maxwell-Wagner polarization effect. When the voltage increases to a certain threshold, the charge formation is mainly caused by the charge injection and migration characteristics [15] , [16] . In the view of this, a bipolar charge transport model is introduced to investigate the interface charge behavior of composite insulation [17] , [18] . Four kinds of charges, namely free electrons, trapped electrons, free holes and trapped holes are considered in the model. J. Li et al. investigated the space charge and electric field distribution characteristics of cable accessories considering the interface effect, and the results show that the charge distribution could be improved by reducing the interface barrier and matching the charge mobility of the two materials [17] . L. Lan. discussed the influence of temperature gradient on polymer insulation, and the results indicate that the space charge accumulation is mainly due to the temperature dependence of the charge injection and conduction. Meanwhile, the introduction of interface barrier can better describe the space charge behavior [18] . Traditional one-dimensional models with a uniform electric field and temperature was usually used to investigate the charge behavior in existing researches, but the structural characteristics of these models are not in accordance with the cable, which was pointed out in [19] , [20] . Therefore, a more realistic model for bipolar charge transport is needed.
Based on the geometrical characteristic of DC cables, a 1D axisymmetric model for the bipolar charge transport in double-layered insulation cable accessory structure is built, in which the gradient distributions of temperature and electric field in the radial direction are considered. Section 2 introduces the proposed simulation model of charge transport. Fourier's law is introduced on the basis of the traditional charge transport model, which considers the temperature dependent properties of some parameters and realizes the coupling of charge transport mechanism and temperature field. In Section 3, the charge and electric field distribution characteristics of single-layered and double-layered insulations are compared. The interface charge behaviours under different electric field/temperature gradients are analyzed, and the effects of interface position on the space charge and the electric field distribution are investigated. The research results provide guidance for the layered design of cable accessories.
II. BIPOLAR CHARGE TRANSPORT MODEL
One-dimensional model with thickness of 150-500µm is usually used to investigate the dynamic behavior of space charges in dielectric materials [21] - [23] . However, since these models are different from the geometric characteristics of cables, the temperature gradient and electric field gradient in the radial direction are rarely considered. Therefore, a 1D axisymmetric space charge transport model is built, as shown in Fig. 1 . The circular cross-section of the cable accessory can be formed by rotating the radial line O-M 360 degrees around the cable center. The outer insulation layer is set as Ethylene Propylene Diene Monomer (EPDM) and the inner one is Cross-linked polyethylene (XLPE). In the following simulation, space charge and electric field distributions of line segment A-C-B of insulation layer are mainly discussed. As shown in Fig. 1 , A-B is the radial line segment of insulation layer, point A is the anode, B is the cathode, and C is the insulation interface.
A schematic representation of the bipolar charge transport model is shown in Fig. 2 . During the operation of the cable, electrons and holes are injected from the cathode and the anode following the Schottky law. Under the effect of an electric field, they move to the opposite electrodes, forming the conduction current. Chemical and physical traps are generated in the production and operation of the insulating medium, which capture mobile charges to form the trapped charges. Moreover, charges trapped in deep traps can escape by overcoming a potential barrier. Therefore, there are four species considered in the model, including mobile electrons, mobile holes, trapped electrons and trapped holes.
The recombination of different pairs of free and trapped carriers is characterized by a coefficient S i . Specifically, the recombination coefficient of trapped electrons and trapped holes is S 0 , the recombination coefficient of trapped electrons and free holes is S 1 , the recombination coefficient of free electrons and trapped holes is S 2 , and the recombination coefficient of free electrons and free holes is S 3 . The recombination reaction between free electrons and free holes in the process of migration is extremely difficult and the probability is very low. Therefore, the reaction coefficient of free electrons and free holes is approximately 0. The parameters B e , B h and D e , D h are trapping and de-trapping coefficients for electrons and holes, respectively. In summary, the whole transport process includes four processes: charge injection, trapping, de-trapping and recombination [22] .
Electrons and holes are injected into the dielectric from electrodes under the DC voltage when the applied electric field is higher than the threshold field, forming the injection current, which can be described by the Schottky law. Specifically, electrons and holes in the electrode overcome the surface potential barrier through thermal excitation and enter the medium to form free charges.
where j e (R out , t) and j h (R in , t) are the electron and hole injection current density respectively, A = 1.2 · 10 6 A/(m 2 K 2 ) is Richardson constant. The absolute temperature is T , e is the elementary charge, ϕ ie and ϕ ih are the injection barrier heights of electrons and holes, respectively. The Boltzmann constant is k B = 1.38 · 10 −23 J/K, E(R out ,t) and E(R in ,t) are the electric field intensity at the cathode and the anode, ε 0 = 8.854 · 10 −12 As/(Vm) is the dielectric constant and ε r is the relative permittivity. It is worth noting that the planargeometry Schottky emission model is used for charge injection in this paper, which has some limitations for cylindrical charge emission. Therefore, a more appropriate model maybe desired for the ''co-axial'' cylindrical geometry. Furthermore, the experimental measurement methods of cylindrical models need further breakthrough, which will provide a strong support for the research of space charges in cables. The charge transfer and recombination are described by Poisson's equation (3), transport equation (4) and current continuity equation (II)
where the subscript a represents four kinds of carriers (including mobile electrons ''ec'', trapped electrons ''et'', mobile holes ''hc'' and trapped holes ''ht''). The position within the insulation layer is r. The conduction current density is j a , and n a (r, t) is the carrier density with a negative sign for electrons. The transfer velocity of charges is u e,h , µ e,h is the effective mobility of charges and E(r, t) is the electric field intensity. The source terms s i represents the dynamic reaction term of carriers in the medium, which reflects the changes of carrier density in the local area under the combined action of trapping, de-trapping and recombination. Specifically, the change of the local free electrons is s 1 , the change of the local trapped electrons is s 2 , the change of the local free holes is s 3 , and the change of the local trapped holes is s 4 
The conduction current is affected by the process of charge transfer within the insulation, as shown in equation (5) . The migration velocity of electrons and holes can be expressed as
where µ e,h is the effective mobility. During the charge migration, the local carrier concentration changes through processes including trapping, detrapping and recombination. 
where n ec , n et , n hc and n ht represent the density of mobile electrons, trapped electrons, mobile holes and trapped holes respectively and the sign for electrons is negative. The trap density of electrons and holes is represented by N e and N h , the trapping coefficients are B e and B h and the de-trapping coefficients are D e and D h . The charge injection and migration are greatly affected by the temperature, which are considered in this work. The current flowing in the conductor varies with the transmission power. Heat losses are generated by the current within the conductor, resulting in a temperature gradient in the cable section. Fourier's law is introduced to describe the heat transfer equation of solids, which satisfies the equation (11) . 
where ρ d is the density of the material, C p is heat capacity at constant pressure, k is the thermal conductivity, q is the heat flux density of conduction, Q is the heat source, N is the cross-section area of the conductor, I is the DC current within the conductor and ρ al is the resistivity of the cable core.
III. RESULTS AND DISCUSSION
In this section, the influences of electric field/temperature gradient and interface position on the space charge distribution in the DC cable are investigated with the presented model. The parameters for the bipolar charge transport model in the cable accessory with double-layered insulation are shown in Table 1 . The geometrical parameters and the material parameters required for thermal conduction calculation are shown in Table 2 . The simulation parameters are selected based on the parameter range estimated by previous researchers and the guidance of relevant simulation literatures [17] , [18] , [21] , [24] - [28] .
A. INFLUENCE OF INTERFACE
In this section, the charge distribution for single-layered insulation (XLPE) cable and double-layered insulation (XLPE/EPDM) cable are compared, in which the interface position of the double-layered insulation is at R = 140µm. The external voltage U = 3kV is applied to the cable core and the insulation shielding layer is earthed at the outside. The temperatures applied on the cable core and insulation shielding layer are T 1 = 313K and T 2 = 293K respectively, forming a radial temperature gradient of 20K as shown in Fig. 3 . In the following simulations, the results on a radial line A-C-B in the cable section as shown in Fig. 1 is taken for analysis, where position A is anode, position B is cathode, and position C is the interface. Fig. 4 compares distributions of space charge and electric field for neat XLPE and double-layered insulations. Since the electric field and temperature at cable core is higher than that at insulating shield, more holes are injected and migrate into the insulation compared to electrons. The charge density increases with time. For double-layered insulation, large quantities of charges are accumulated at the interface, and the charge density at the interface is highest along the radial line when the time is long enough. Moreover, the charge density in other areas tends to increase when the interface is introduced. Owing to the difference of charge transport behavior on both sides of the interface and the semi-blocking effect of the interface, the charges gradually accumulate at the interface and the charge density increases with time. In addition, compared to the single-layered cable (XLPE), the electron injection barrier in outer insulation of the cable accessory (EPDM, 1.26eV) is lower than that of XLPE (1.3eV), and the electric field at cathode of the double-layered cable is higher. As a result, the double-layered cable has more electrons injected from the cathode.
As can be seen from Fig. 4(b) , for the single-layered insulation, the electric field decreases from the cable core to insulation shield at t = 0s. After that, some holes gradually accumulate near the cable core, which generate electric field opposite to that of external voltage leading to the reduction of the electric field in the inner side of insulation. For the doublelayered insulation, the electric field in XLPE intensifies before 1600s, which is caused by the permittivity difference of XLPE and EPDM. After 1600s, more charges accumulate at the interface, which significantly reduce the electric field in XLPE layer with the value smaller than that of single-layer insulation. The position with maximum electric field shifts to the outside of the insulation. Since the amount of injected charges is dependent on the electric field, the decrease of the electric field in XLPE layer suppresses the injection of holes. As a result, the charge density at A of single-layered insulation is 7.13 C/m 3 at 3200s, while that of double-layered insulation drops to 6.9 C/m 3 . By contrast, the positive charge at the interface enhances the electric field in EPDM, leading to the more injected electrons at cathode in the double-layered insulation.
As described above, the high temperature and the electric field of anode promote the injection and migration of holes. The built model is able to reproduce some specific features observed experimentally in cables, such as the location of the maximal electric field moves to the outer electrode, or the electric field distortion [19] . Therefore, Fig. 4 shows that the variation rules of the simulated charge and electric field in this paper conform to the results verified by predecessors.
The conduction current in insulating materials is substantially caused by migration of various kinds of charges. As a result, the bipolar charge transport model describes the dynamic process of different carriers in more detail. However, there are few studies focusing on the interface charge behavior by using bipolar charge transport model, which characterizes the mechanism of space charge accumulation in a more fundamental perspective. Therefore, the characteristic of bipolar charge transport in double-layered insulation needs further exploration.
B. INFLUENCE OF ELECTRIC FIELD/TEMPERATURE GRADIENT ON INTERFACE CHARGE
The electric field and temperature have significant effect on the injection and migration of space charges. Hence the influences of electric field/temperature gradient on interface charge are discussed in this section.
1) INFLUENCE OF ELECTRIC FIELD GRADIENT
The circular structure of cable section produces a decaying electric field in the radial direction of insulation layer, which causes an electric field gradient between anode and cathode. In this section, the external voltage is set as 1kV, 1.5kV, 2kV, 2.5kV and 3kV. The electric field gradients under different applied voltages are 6.6, 9.9, 13.2, 16.5 and 19.8kV/mm respectively. In order to analyze the influence of electric field gradient and avoid the disturbance of temperature gradient, the temperature gradient is set as 0K, specifically T 1 = T 2 = 313K. When no charge is injected into the insulation layer (t = 0s), the external electric field distribution is demonstrated in Fig. 5 . As can be seen, the electric field gradient increases with the external voltage, which presents the attenuation distribution from inside to outside. The electric field is suddenly changed at interface due to the permittivity difference of XLPE and EPDM.
The space charge and electric field distributions at t = 3500s are shown in Fig. 6 . The injection rate of holes is obviously larger than that of electrons, which is more prominent than the traditional one-dimensional model [6] . As presented in Fig. 6(a) , the charge densities at the electrode/dielectric and XLPE/EPDM interfaces both increase with external electric field, which are caused by the higher injection rate and migration rate of charges. As shown in Fig. 6(b) , the nonuniform distribution of electric field is aggravated by the accumulated charges at the interface. The interface charges lead to the more significant decrease of the electric field in XLPE and increase of that in EPDM. Moreover, the non-uniformity degree is increased with the applied voltage. Specifically, the difference between the maximum and minimum values of electric field intensity is 5.6kV/mm under voltage of 1kV, while that value goes up to 20.1kV/mm under 3kV. When the applied voltage is less than 1.5kV, the charge density is smaller than 4C/m 3 , which is not enough to cause serious distortion of the electric field. Therefore, the position with maximum electric field is located at inner side of insulation. When the external voltage is larger than 1.5kV, the superimposed electric field generated by the accumulated holes makes the position with maximum electric field gradually move towards the cathode.
To further investigate the effects of voltage on interface charges and maximum electric field, the interface charge densities under different times are calculated, as presented in Fig. 7 . The evolution of maximum electric field along the radial line with time is demonstrated in Fig. 8 .
As can be seen from Fig. 7 , the interface charges at different voltages gradually increase with time. The higher the voltage, the more the interface charges accumulate at the same time. The growth rate of interface charges increases at first and then decreases with time. Finally, the interface charges tend to be stable. This phenomenon can be explained by the principle of interface charge accumulation. The charge transfer process is semi-blocked by the interface and only part of the holes moving from the anode can pass through the interface. A large number of holes are injected into XLPE under high electric field near the anode and migrate to the interface rapidly, resulting in fast interface charges accumulation. These interface charges cause the electric field to decay quickly in XLPE, which inhibit the charge injection and migration processes. Therefore, the charges transferring to the interface decreases rapidly and the interface can enter a state of slow growth, further gradually stabilize.
From Fig. 8 , the maximum electric field under different voltages decreases at first and then increases with time. This is caused by the gradual migration of space charges and the maximum electric field position moving to the cathode. In the initial operation of the cable, the position with maximum electric field is located at inner side of the insulation layer. The positive charges are gradually injected from the anode, leading to the reduction of electric field inside the insulation, but the maximum electric field remains at the anode for a while. When the charge density is large enough, the electric field inside the insulation layer attenuates seriously. The maximum electric field appears at the middle part of the insulation layer, which increases gradually with the charge accumulation. In addition, the higher voltages cause the larger injection rate of charges, which accelerates the decay of the internal electric field. Therefore, the maximum electric field is still decreasing until 5000s under 1kV voltage, while the maximum electric field has reduced to the minimum at t = 2000s under 3kV voltage.
2) INFLUENCE OF TEMPERATURE GRADIENT
Ohm heat is generated during the operation of cables, and the different carrying capacities of the cable cause different temperature gradients in the insulation layer. Since temperature has significant effect on charge injection and migration processes, the effect of temperature gradient on interface charge behavior is investigated in this section. All the studies in this section are completed under the 3kV voltage. Assuming that the temperatures applied on the cable core and insulation shielding layer are T 1 and T 2 respectively. The temperature of T 2 is fixed at 293K, the temperature T 1 is changed to 293, 297, 301, 305, 309 and 313K, which form different temperature gradients as shown in Fig. 9 . Fig. 10 presents the space charge and electric field distributions under different temperature gradients at t = 3500s. Both the total accumulated charges in the insulation and the interface charges increase with the temperature gradient. Compared to negative charges, the temperature gradient shows the more prominent effect on positive charge. The interface charge density increases with the rising of temperature gradient as shown in Fig. 10(a) . As presented in Fig. 10(b) , the electric field intensity in XLPE decreases and that in EPDM increases with the increase of temperature gradient. When the temperature gradient is low, the lowdensity space charges have little effect and the electric field still follows the initial distribution shown in Fig. 5 . When the temperature gradient reaches a certain degree, the electric field at cathode is higher than that at anode, showing a trend of electric field to flip. Besides, the position with maximum electric field gradually moves from the inside of the insulation layer to the outside with the rising of temperature gradient.
The interface charge density and the maximum electric field with time under different temperature gradients are presented in Fig. 11 and Fig. 12 respectively. The interface charge density increases with temperature gradient. It is worth noting that the increment of interface charges q increases at first and then decreases under different temperature gradients at the same time, as shown in Fig. 11 . This can be explained by the mechanism of charge injection and migration. The higher temperature at anode accelerates the injection of holes as Schottky law description and a large amount of charges accumulate near the anode in a short time. Meanwhile, high temperature expedites the transfer of charges to the interface and promotes the accumulation of interface charges. Therefore, q increases with the temperature gradient within a certain range of temperature gradient. However, the q decreases with the rising of the temperature gradient when the temperature gradient reaches a certain level. This is because high temperatures encourage large amounts of charges to accumulate at the interface, resulting in the sharp decrease of electric field at the inner side of insulation layer, which inhibits the injection of charges at anode. Meanwhile, the reduction of the electric field reduces the charge migration velocity. The growth rate of interface charges is slowed down by the above two reasons. In addition, the higher the temperature gradient, the faster the maximum electric field decreases, as shown in Fig. 12 , which can accelerate the interface charges into the dynamic equilibrium state.
It is worth noting that the maximum temperature gradient adopted in this paper reaches 20K, but such temperature difference will not appear in the actual cable. The size of actual cable is larger and the temperature gradient in the insulation is lower. In this case, longer simulation time is needed to achieve the same charge density. Since this work mainly focuses on the distribution of charges and electric field, the higher or lower temperature gradient will not change its variation trend and distribution rule. The higher temperature gradient can accelerate the charge transfer process and greatly reduce the time and memory used in simulation. Therefore, the temperature gradient is set as 20K in the following research.
3) INFLUENCE OF INTERFACE LOCATION
To guide the design of double-layered insulation cable accessory, the influences of interface position on space charge and electric field distributions are discussed. The voltage is set as 3kV and the temperature gradient is set as 20K in the simulation. Five different interface positions including 130, 160, 190, 220 and 250µm are considered. The space charge and electric field distributions under different interface positions at t = 4800s are compared, as shown in Fig. 13 . As presented in Fig. 13(a) , charges accumulate at all interface positions. Specifically, the interface near the anode accumulates a large amount of positive charges, while the interface near cathode accumulates a small amount of negative charges. This means that the density and polarity of interface charges are closely related to the position of the interface. Fig. 13 (b) compares electric field distributions at different interface locations. As the interface moves to the cathode, the electric field difference on both sides of the interface increases at first and then decreases, and the biggest difference occurs at R = 190µm. The maximum electric field for different interface positions are located in the middle part of insulation layer at t = 4800s. The maximum electric field appears at R = 190µm in all cases. at first and then increases with time. For the interface at R = 190µm, the electric field starts to strengthen from t = 6000s. For the interfaces at R = 220µm and R = 250µm, the electric field is minimum during 1000-4000s and reaches the maximum value of 45kV/mm at 15000s. This is called the inversion of the electric field, which is caused by the temperature gradient and the behavior of homo-charges and hetero-charges. The position with maximum electric field gradually moves towards the cathode with time. The interface near outside of insulation increases electric field distortion. In the whole process of cable operation, the non-uniformity of the electric field is strongest when the interface is near the outside of the insulation layer, which is more likely to cause insulation damage.
To optimize the interface location in the double-layered insulation, the insulation utilization factor η is introduced. The ratio of average field intensity to the maximum field intensity is defined as the insulation utilization factor η [23] . It is a physical quantity describing the uniformity of electric field distribution. Its expression is
where E av is the average value of electric field intensity, E max is the maximum value of electric field intensity. The closer η is to one, the more uniform the electric field distribution appears. The η for the different interface positions at t = 2000s, t = 8000s, t = 15000s are calculated as shown in Fig. 15 . As can be seen, the η decreases with time, which indicates that the electric field distortion degree is gradually aggravated. In addition, the variation trend of η greatly varies at different time. Specifically, when the simulation time is 2000s, the η slightly increases with the interface moving to the cathode. When the simulation time is 8000s, the η decreases at first and then increases, in which the η reaches the minimum value when the interface is located in the middle of the insulation layer, i.e., R = 190µm. The variation rule of η at t = 15000s is opposite to that at t = 2000s, which is the minimum η appears at R = 250µm.
In summary, the position where the minimum η appears gradually moves from the anode to the cathode with time.
In particular, when the interface position is set at R ≥ 190µm, the η decreases rapidly at t = 15000s. The higher η is beneficial to the safe and stable operation of cables. It is suggested that the composite insulation interface should avoid setting at the outside of insulation layer and should be set at less than half of the insulation layer. Therefore, the thickness of outer insulation should be appropriately increased in the layered design of double-layer insulation.
Except for DC stable operation, bilateral power flow is a common and necessary operation mode in HVDC transmission system, which can be implemented through voltage polarity reversal. The electric field is dramatically enhanced by the residual charges accumulated before polarity reversal and the maximum transient electric field appears at the HV electrode after polarity reversal [29] , [30] . A polarity reversal voltage from positive to negative is applied to the model, as shown in Fig. 16 . Except for voltage, the settings of other parameters are the same as above. The electric field distribution when polarity reversal is completed (t = 4200s) is shown in Fig. 17 . As can be seen, when the interface is set at R = 130µm, the electric field intensity at the inner side of insulation is the greatest. Therefore, it is more likely to cause insulation damage under polarity reversal voltage when the interface is located inside the insulation layer, which should be avoided in insulation design.
The insulation utilization coefficients at different interface positions under polarity reversal voltage and DC voltage are shown in Table 3 , where k represents the proportion of interface position to radius. As can be seen from the average insulation utilization coefficient η', it tends to increase at first and then decrease as the interface moves outwards. Considering the phenomenon of electric field increases sharply at the inside of the insulation layer under polarity reversal voltage, it is necessary to avoid the interface near the cable core, although the average utilization coefficient is higher when R = 130µm. Therefore, synthesizing the distribution characteristics of electric field under the DC voltage and polarity reversal voltage, the interface is set at 1/3 to 1/2 of the insulation layer in layered design, which is conducive to safe and stable operation.
In order to verify the accuracy of the results, a cable model with realistic dimensions was used for comparison. Simulation results show that the distribution and variation law of space charges and electric field for the two models are consistent. Due to the enlargement of the volume for realistic dimension, the charge transmits to a longer distance and cannot accumulate easily, so the charge accumulation needs longer simulation time. Therefore, the size of the model has an effect on the simulation time and does not affect the characteristics of charge transport and electric field distribution. Moreover, the conclusion obtained by using the small model to analyze the cable accessories has reliability and universal applicability.
IV. CONCLUSION
A 1D axisymmetric model for bipolar charge transport is presented to simulate the space charge distribution in doublelayered insulation cable accessory. The effects of interface position and electric field/temperature gradient on charge migration are investigated.
(1) Compared to single-layered cables, large quantities of charges accumulate at the interface of double-layered cable accessories. These interface charges reduce the electric field in the inner insulation layer, which inhibit the injection of holes.
(2) More charges accumulate at the interface under higher temperature and electric field gradients, which further reduce the electric field in the inner insulation layer and lead to more serious electric field distortion. Meanwhile, the high temperature gradient accelerates the interface charges into the dynamic equilibrium state.
(3) The density and polarity of interface charges are closely related to the position of the interface. The interface charge exhibits negative polarity when the interface is near the cathode. In addition, when the interface is located near the outer side of the insulation, the distortion degree of electric field is the largest, which is more likely to cause insulation breakdown under the DC voltage. Moreover, the characteristics of electric field distortion under DC steady state and polarity reversal are both investigated, it is suggested that the XLPE/EPDM interface should be placed at 1/3 to 1/2 part of the insulation from the central conductor in the layered design of cable accessory.
